Abstract. We found that two inbred strains of Hatano rats bred selectively for shuttlebox avoidance responses, had different characteristics of responses to stress and adrenal function. The characteristics of male puberty, including preputial separation, sperm number, and plasma hormone levels during development, were investigated and compared between the two strains. Body weight in highavoidance (HAA) rats was consistently heavier than that in low-avoidance (LAA) rats. Although the absolute testicular weight was heavier in HAA rats than in LAA rats during the juvenile period, after the peripubertal period the inverse finding was observed. Preputial separation occurred about 7 days earlier in HAA rats than in LAA rats. The testicular and epididymal sperm head number in HAA rats was greater than that in LAA rats during the peripubertal period, but there were no differences after sexual maturation. A steep increment of plasma gonadotropin levels was observed in HAA rats, and the levels were higher in HAA rats than in LAA rats during the peripubertal period. Plasma testosterone levels began to rise at a younger age in HAA rats than in LAA rats. It was concluded that HAA males sexually mature earlier than LAA males, and that these apparent strain differences in puberty are primarily dependent on gonadotropin levels during sexual maturation.
In a comparison of HAA and LAA rats, it was found that circulating levels of adrenocorticotropic hormone (ACTH) differed after exposure to stressful conditions; the circulating concentrations of stress-induced ACTH were higher in HAA rats than in LAA rats [3] . It was also found that the weight of the adrenal glands in HAA rats was apparently heavier than that in LAA rats. Among several strains of rats that had been discriminated on the basis of opposite response in two-way avoidance learning, Roman high avoidance (RHA) and Roman low avoidance (RLA) rats originated from the Wistar strain were first reported and have been examined in many respects [4, 5] . Swiss sublines of RHA (RHA/Vehr) rats and RLA (RLA/ Vehr) rats also showed divergence in hormonal responses to stress and differences in weights of adrenal glands in a comparison between the two lines [6] [7] [8] . Interestingly, RLA/Verh rats that have lighter adrenal glands show earlier development of the vaginal opening than do RHA/Verh rats with heavier adrenal glands, and the weight of the uterus in RLA/Vehr is comparatively heavier on the diestrus day of the 3rd estrous cycle [9] . Adrenal glands are involved in puberty, especially in female rats [9] [10] [11] [12] , and some cases of precocious puberty in both males and females occurred due to disorder of steroid hormone secretion from the adrenal glands [13, 14] . However, no previous report has focused on the comparative aspects of male puberty in these strains that exhibit marked differences in responses to stress. In light of the differences in physical development and function of the pituitary-adrenal axis, we investigated whether there were strain differences between male HAA and LAA rats in the timing of puberty, in terms of preputial separation and sperm number in the testis and the caudal epididymis. We also i n v e s t i g a t e d c h a n g e s i n p l a s m a l e v e l s o f gonadotropins and testicular hormones in male HAA and LAA rats around the pubertal period. We found apparent strain differences between HAA and LAA males during the process of sexual maturation, which may depend on hormonal changes and not merely on physical development.
Materials and Methods

Animals
In this study, male HAA and LAA rats from over the 35th generation, bred at the Hatano Research Institute of Food and Drug Safety Center, were used. Animals were maintained with free access to laboratory chow (CE-2, Clea Japan, Inc.) and water. Standard environmental conditions of 22-25 C, 40-60% humidity, and a 12:12 h light/dark cycle were provided. The day of birth was designated as 0 days of age, and offspring of both strains were weaned at 21 days of age. After weaning, offspring were grouphoused by litter with no more than 2 animals per cage, and were housed individually after 8 weeks of age.
B a l a n o -p r e p u t i a l s e p a r a t i o n ( p r e p u t i a l separation) was monitored from 35 days of age until completion by everting the skin of the penis gently. The day when the glans had completely separated from the prepuce was defined as the day of preputial separation.
Animals were anesthetized with sodium pentobarbital (0.5 mg/kg BW; Nembutal, Abbott Laboratories, North Chicago, IL), and circulating blood was collected from the descending aorta using a heparin-rinsed syringe. Plasma was collected by centrifugation immediately after blood collection, and stored at -20 C until assay to determine hormonal concentrations.
At necropsy, the testes, epididymides, and ventral prostate of all animals were weighed.
Epididymal and testicular sperm head counts
The right caudal epididymis in males at 49, 56, and 63 days of age and males at 12 and 15 weeks of age were weighed and homogenized in distilled water by sonication for assessment of the total sperm concentration [15] . The right testis obtained from peripubertal rats (49 and 56 days of age, and 12 weeks of age) were used for the testicular sperm head counts. Preceding the count, the testis without tunica albuginea was weighed. The decapsulated testis was homogenized in distilled w a t e r b y s o n i c a t i o n [ 1 6 ] . S a m p l e s f r o m homogenates of the caudal epididymis and testis (containing sperm heads) were stained with Ident Stain (bis-benzimide trihydrochloride, HamiltonThorne Research, Beverly, MA), and the number of illuminated sperm was measured using the HTM-IDENT option of HTM-IVOS (Hamilton-Thorne Research, Beverly, MA) [17] . Data were expressed as the number of sperm per gram of the caudal epididymis or the decapsulated testis.
Radioimmunoassay (RIA)
The plasma concentrations of luteinizing hormone (LH), follicle-stimulating hormone (FSH), testosterone, inhibin, and progesterone were determined by using a double-antibody RIA system with an 125 I-labeled radioligand. Plasma concentrations of LH and FSH were measured using National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK) RIA kits for rat FSH and LH, as described previously [18] . Iodinated preparations were rat FSH-I-8 and rat LH-I-9, and the antisera used were anti-rat FSH-S-11 and anti-rat LH-S-10, respectively. Results were expressed in terms of NIDDK rat FSH-RP-2 and LH-RP-2. The intra-and interassay coefficients of variation were 4.4 and 14.6 % for FSH and 8.9 and 6.7% for LH, respectively.
Plasma concentrations of testosterone and progesterone were measured as previously described [19] . The antisera against testosterone (GDN 250) and progesterone (GDN 337) were kindly provided by Dr. G. D. Niswender, Colorado State University (Fort Collins, CO). The intra-and interassay coefficients of variation were 6.3 and 7.2% for testosterone and, 4.7 and 9.8% for progesterone, respectively.
Plasma concentrations of inhibin were measured as previously described [20] . The iodinated preparation was purified 32-kDa bovine inhibin, and the antiserum used was rabbit antiserum against bovine inhibin (TNDH-1). Results were expressed in terms of 32-kDa bovine inhibin. The intra-and interassay coefficients of variation for inhibin were 8.8 and 14.4%, respectively.
Statistical analysis
All data are expressed as mean ± standard deviations (SD) for each strain. The analysis of variance was performed by F-test. Student's t-test w a s c o n d u c t e d w h e n t h e v a r i a n c e w a s homogeneous, whereas the Aspin-Welch t-test was used when it was not homogeneous. A p value of less than 0.05 was chosen as the level of statistical significance.
Results
Growth and organ weight
Changes in body weight and the reproductive organs are illustrated in Fig. 1 . Body weight of the HAA rats was already heavier than that of the LAA rats at 21 days of age, and was consistently heavier until 84 days of age. The paired testicular weight of the HAA rats was also heavier than that of the LAA rats at 21 and 28 days of age (21 days 
That is, at 49 days of age and onward, the testicular weights of the LAA rats were heavier than those of the HAA rats. The paired epididymal weights in the HAA rats were heavier than those in the LAA rats except at 35 days of age. The weights of the ventral prostate of the strains were similar at all ages during the developmental period.
Preputial separation
Preputial separation in the HAA strain was found to occur on 40.6 ± 0.8 (days of age, mean ± SD, n=30), whereas it occurred in the LAA strain on 47.8 ± 1.0 (n=33, Fig. 2 ). In the HAA rats, preputial separation occurred as early as 39 days of age, and was completed by 43 days of age. In more than 80% of the HAA rats it occurred at 40 or 41 days of age, whereas it did not occur in any of the LAA rats until 45 days of age. In more than 70% of the LAA rats it occurred at 47 or 48 days of age, and was completed by 50 days of age.
Testicular and epididymal sperm number
Testicular sperm were countable on 49 days of age in both strains, although the HAA testis had significantly (p<0.05) more sperm than the LAA at that age (Fig. 3) . At 56 days and 12 weeks of age, respectively, there was no difference in the testicular sperm number between the two strains. The caudal epididymal sperm number could not be counted at 49 days of age in either strain. At 56 and 63 days of age, respectively, the sperm head number in the HAA rats was significantly (56 days, p<0.01; 63 days, p<0.05) larger than that in the LAA rats. The sperm numbers of the caudal epididymis did not differ between the two strains at 12 weeks of age.
Hormone levels
Plasma concentrations of gonadotropin are shown in Fig. 4 . In the HAA rats, plasma LH concentrations were sharply elevated between 28 days and 42 days of age, after which the LH levels gradually increased to a peak value at 84 days of age. In the LAA rats, the LH levels steeply rose between 21 days and 28 days of age, after which a steady rise was seen, and adult levels were reached at 63 days of age. Comparatively, plasma LH levels were about two-or three-fold higher in the HAA rats than in the LAA rats from 35 days until 84 days of age. In both strains, plasma FSH concentrations steeply increased between 21 and 28 days of age, and FSH levels remained high up to 42 days of age in the HAA rats, and up to 49 days of age in the LAA rats. Thereafter, plasma FSH levels in both strains gradually fell. Plasma FSH concentrations in the HAA rats were about three-fold higher than those in the LAA rats at 21 days of age, and were continuously higher until 84 days of age.
Plasma testosterone concentrations were low (<0.5 ng/ml) in both strains between 21 days and 35 d ay s of ag e (Fi g. 5) . In th e H AA r at s, testosterone concentrations rose sharply from 35 days of age, rising to a peak level at 84 days of age. In the LAA rats, on the other hand, a steep elevation of testosterone was observed from 42 days of age, and a peak value was found at 63 days of age, after which the plasma levels of testosterone decreased. At 42 and 84 days of age, respectively, the plasma testosterone level in the HAA rats was significantly higher than that in the LAA rats (42 days, p<0.05; 84 days, p<0.01). The plasma testosterone level was significantly higher in the LAA rats than in the HAA rats (p<0.05) only at 28 days of age. Plasma inhibin concentrations showed an identical pattern, and decreased with advancing a g e i n b o t h s t r a i n s ( F i g . 5 ) . T h e i n h i b i n concentrations in the HAA rats at 21 days of age a n d 6 m o n t h s o f a g e , r e s p e c t i v e l y , w e r e significantly higher (p<0.05) than those in the LAA rats. Plasma progesterone concentrations changed reciprocally in the HAA and LAA rats during the d e v e l o p m e n t a l p e r i o d . T h a t i s , p l a s m a progesterone levels in the HA A rats were significantly higher than those in the LAA rats at 21 and 28 days of age, respectively, followed by an abrupt decline to lower values in the HAA rats until 84 days of age. The values of plasma progesterone concentrations in the LAA rats were significantly and steadily higher than those in the HAA rats (35 days and 49 days, p<0.05; 42 days, p<0.01). When hormonal concentrations in rats of 6 months of age were compared, inhibin levels were significantly (p<0.01) different, but levels of t e s t o s t e r o n e a n d p r o g e s t e r o n e w e r e n o t significantly different between the HAA and LAA rats. In addition, no strain differences in plasma concentrations of gonadotropins were observed at the adult stage. Statistical analyses were performed on HAA and LAA rats of the same age. *, p<0.05; **, p<0.01.
Discussion
Puberty can be considered as the second phase of sexual differentiation, and male sexual maturation can be defined as obtaining the capacity of fertility. In the present study, changes in male sexual development of two inbred strains of rats, which exhibited differences in respective pituitaryadrenal function and in physical development along with acquisition of shuttlebox avoidance, was examined after weaning. The major finding in this study is that the HAA rats sexually matured e a r l i e r t h a n t h e L A A r a t s , a n d t h a t t h i s comparatively more rapid course of puberty perhaps depends on the hormones secreted from the pituitary and the testes. In addition, the results of sperm number indicate that the first wave of spermatogenesis may occur earlier in HAA rats than in LAA rats.
There were obvious differences in circulating gonadotropin levels during sexual maturation between the HAA and LAA rats. Circulating FSH levels in the HAA rats were consistently higher t h a n t h o s e i n t h e L A A r a t s d u r i n g t h e developmental period; notably, they were two-fold higher from 21 to 42 days of age. During sexual m a t u r a t i o n , F S H m a y i n c r e a s e t e s t i c u l a r responsiveness to LH [21] ; it may induce testicular LH receptors [22] and FSH receptors themselves with the coexistence of testosterone in rats [23] ; and the responses to LH stimulation of testosterone secretion increase with age [24] . The higher concentration of circulating FSH in the HAA rats may accelerate LH receptor induction in their testis. The increasing sensitivity to LH and the elevations of LH concentrations may lead to the early increase of testosterone levels in HAA rats at 42 days of age. Preputial separation, which is cornification of the glans of the penis, is thought to be an androgendependent morphological change [25] . Thus, the higher gonadotropin concentrations observed in the HAA rats may induce an earlier rise of circulating testosterone levels, resulting in the earlier preputial separation of the HAA rats.
The testicular and caudal epididymal sperm numbers per tissue weight in the HAA rats were larger than those in the LAA rats at younger ages. However, after sexual maturation had been reached, there were no strain differences in the sperm reservation numbers either in the testis or in the caudal epididymis. These results suggest that in HAA rats the production of sperm commences earlier than it does in LAA rats. However, the two strains did not differ in ability to produce mature sperm after sexual maturation. Indeed, this indication that adult male rats of both strains show comparable spermatogenesis agrees with the fact that both strains have been sustained by natural breeding from generation to generation.
Body weights of HAA rats are heavier than those of LAA rats during the developmental period, and this difference may, to some extent, give rise to common factors among the reproductive and b e h a v i o r a l c h a r a c t e r i s t i c s , a n d d e t a i l e d examination of these factors will offer new perspectives on reproduction and behavior in rodents.
